Dlx transcription factors are important in the differentiation of GABAergic interneurons. In mice 24 lacking Dlx1, early steps in interneuron development appear normal. Beginning around one 25 month of age, primarily dendrite-innervating interneuron subtypes begin to undergo apoptosis in 26
Introduction 42 43
The mechanisms leading to generation of spontaneous epileptic seizures have been the focus of 44 intense study for nearly 100 years. Although many possible mechanisms have emerged, 45 impairment of GABA-mediated inhibition is likely a critical cause of seizure activity in many 46 forms of epilepsy. Several observations support this suggestion. First, subpopulations of 47 6 (Axon Instruments, Foster City, CA); data were digitized at 10 kHz and recorded using a 109 Digidata 1320A and pClamp 8.2 software (Molecular Devices, Sunnyvale, CA). For all 110 experiments except miniature EPSC (mEPSC) recordings, internal recording solution (pH 7.20-111 7.25, 285-295 mOsm, liquid junction potential -13 mV) contained, in mM, 120 K-gluconate, 10 112
KCl, 1 MgCl 2 , 0.025 CaCl 2 , 0.2 EGTA, 2 Na 2 ATP, 0.2 Na 2 GTP, and 10 HEPES. In mEPSC 113 experiments, to enhance event amplitude and increase signal-to-noise ratio, internal recording 114 solution contained, in mM, 140 CsCl, 1 MgCl 2 , 10 HEPES, 11 EGTA, 2 Na 2 ATP, 0.5 Na 2 GTP 115 and 1.25 QX-314. 116
117
After obtaining a stable voltage-clamp recording from a CA1 interneuron, the recording was 118 switched to current-clamp mode and injected steps of hyperpolarizing and depolarizing current 119 were used to determine the class of cell being recorded using published firing patterns and action 120 potential properties (Butt et al. 2005; Flames and Marin 2005) . The recording was subsequently 121 switched back to voltage-clamp mode (holding potential, -60 mV) for recording of sEPSCs or 122 mEPSCs. Membrane potentials were not corrected for liquid junction potential. Spontaneous 123 EPSCs were pharmacologically isolated by perfusion of the slice with ACSF containing 5 μM 124 bicuculline (a GABA A receptor blocker; Sigma, St. Louis, MO). At the end of some 125 experiments, 3 mM kynurenic acid (a non-specific glutamate receptor antagonist; Tocris, 126 Ellisville, MO) was added to confirm that EPSCs were successfully isolated. All recordings 127 were obtained at ~32° C. Voltage-clamp recordings were low-pass filtered at 1 kHz, and band-128 pass filtered at 60 Hz (Hum Bug, AutoMate Scientific, Berkeley, CA and WT littermate mice were deeply anesthetized with Avertin (Sigma; 0.2 ml/10 g 144 body weight) and perfused intracardially with 4% paraformaldehyde (PFA) in phosphate-145 buffered saline solution (PBS 0.1 M, pH 7.4). The brains were removed and postfixed overnight 146 in the same fixative. Brain sections were prepared at a thickness of 50 μm on a vibratome and 147 used for free-floating immunohistochemistry or mounted on Fisher Superfrost/Plus slides for the 148 TUNEL assay. For immunohistochemistry, the slices were washed in phosphate-buffered saline 149 solution, incubated in blocking solution (0.5% Triton X-100, 10% normal goat serum, 2% non-150 fat milk, 0.2% gelatin in PBS) for 1 hour, and incubated 1 day at 4°C in the primary antibody 151 diluted in 0.5% Triton X-100, 3% normal goat serum, 0.2% gelatin in PBS. The antibodies used 152 were as follows: cleaved caspase-3 polyclonal antibodies (1:500, Cell Signaling Technology) and 153
NeuN monoclonal antibodies (1:500, Chemicon larger-than-expected loss of inhibition previously reported in these animals (Cobos et al. 2005) . 175
Here we recorded sEPSCs from 37 visually identified CA1 interneurons in hippocampal slices 176 prepared from >P30 Dlx1 amplitude histogram showed that small-amplitude events predominated in mice lacking Dlx1, 189 while in WT mice, large-amplitude events were more frequent (Fig. 1F) . In an additional set of 190 mEPSC recordings from 27 interneurons in >P30 Dlx1 interneurons. We injected steps of depolarizing and hyperpolarizing current to classify 214 interneurons by firing properties as follows: fast-spiking (FS), regular-spiking nonpyramidal 215 11 (RSNP), and burst-spiking (BST). We also used these recordings to determine spike width, input 216 resistance (R in ), resting membrane potential (V m ), and fast afterhyperpolarization amplitude 217 (fAHP) for each interneuron. A combination of these firing property parameters and laminar 218 location was used to classify interneurons into previously described sub-populations (Butt et al. 219 2005) . 220 221 The relative proportions of interneuron subtypes that could be sampled with a patch-clamp 222 recording electrode, which is largely limited to a relatively small population of cells near the 223 surface in an acute slice preparation, were comparable between slices from WT and Dlx1 -/-mice 224 at P9-12 (Fig. 3C ). Based on our criteria, in WT controls, 11% of interneurons recorded were 225 classified as FS cells (n = 4), 84% were RSNP cells (n = 31), and 5% were BST cells (n = 2). In 226
Dlx1 mutants, 11% of interneurons recorded were classified as FS cells (n = 4), 83% were RSNP 227 cells (n = 29), and 6% were BST cells (n = 2). We also found that the laminar distributions of 228 interneuron cell bodies were comparable between WT and Dlx1 knockout mice at this age ( Fig.  229 3D, E). All FS cells in WT and knockout mice were located in stratum oriens and alveus (O/A). 230
In addition, most RSNP interneurons were located in stratum radiatum and stratum lacunosum-231 We repeated these current-clamp experiments in mice older than P30 (Fig. 4) , when significant 256 interneuron loss was observed in the SOM-and CR-expressing subpopulations of Dlx1 (Table 2) . Sorting interneurons by subtype also failed to reveal differences in intrinsic 262
properties at this age (data not shown). The overall laminar distribution of the surviving 263 interneuron subtypes was similar between WT and knockout animals at this age (Fig. 4D, E show reduced dendrite branching and length (Cobos et al. 2005) , suggesting that the dendritic 300 space available for receiving excitatory synapses may be reduced. These lines of evidence led us 301 to hypothesize that surviving interneurons in mice lacking Dlx1 receive reduced excitatory input, 302 contributing to a larger-than-expected loss of inhibition in these animals. Here we report a 303 significant decrease in the amplitude of glutamatergic postsynaptic currents onto surviving 304 interneurons in >P30 mice lacking Dlx1. One functional consequence of Dlx1 -/-interneurons 305 receiving less excitation is that these inhibitory cells would be less active, contributing to a larger 306 15 network reduction in GABA release. This conclusion is consistent with our previous findings 307 (Cobos et al. 2005 ), a role for reduced inhibition in epilepsy (de Lanerolle et al. 1989; de 308 Lanerolle et al. 2003) and was also reported in a rat model of cortical dysplasia and epilepsy 309 (Xiang et al. 2006) . In support of this conclusion, a recent examination of interneuron firing rates 310 in a model of cortical dysplasia reported that reductions in glutamatergic drive of interneurons 311
were correlated with reduced spontaneous firing rates of these cells (Zhou and Roper, 2010) . 312
313
Our results also suggest that a novel circuit rearrangement occurs in adult Dlx1 mutant mice. A 314 reduction in excitation of CA1 interneurons could be explained by a simple reduction in the 315 number of excitatory synapses on surviving interneurons, possibly associated with damage or 316 loss of the presynaptic glutamatergic CA3 pyramidal neurons innervating these cells (Katz 1962; 317 Cormier and Kelly 1996). However, EPSC frequency was unchanged in our recordings and we 318 failed to detect any CA3 cell damage or loss using TUNEL, caspase or NeuN staining, 319 suggesting that glutamatergic input and release probability are normal (Manabe et al. 1992 ). The 320 reduced EPSC amplitude that we observed suggests that fewer functional glutamate receptors are 321 present at excitatory synapses onto CA1 interneurons in adult Dlx1 mutant mice. As our 322 recordings were obtained at a holding potential of -60 mV, virtually all EPSCs recorded are 323 likely to be mediated by AMPA receptors. Therefore, our results predict reduced AMPA 324 receptor number at glutamatergic synapses on interneurons in mice lacking Dlx1, an interesting 325 possibility that remains to be explored in future studies. 326 327
Intrinsic properties of interneurons lacking Dlx1 328 Surviving interneurons in adult Dlx1
-/-mice could have intrinsic membrane properties that could 329 also lead them to release less GABA onto pyramidal neurons. For instance, these interneurons 330 could have a more hyperpolarized resting membrane potential or lower threshold for spike 331 generation, meaning that a given excitatory input would be less likely to lead to an action 332 potential, and thus GABA release, from the interneuron. However, current-clamp recordings 333 from interneurons in Dlx1 knockout mice older than P30 demonstrated that intrinsic firing 334
properties are comparable to those of WT interneurons, arguing against this possibility. In P9-12 335 
